I. INTRODUCTION
NiSi has attracted a lot of attention recently because it is used as a contact material in advanced electron devices. 1 Indeed it exhibits a low resistivity of about 10 ⍀ / cm at room temperature. 2 NiSi crystallizes in the orthorhombic, MnP-type structure ͑noted o-NiSi͒ and its few known physical properties appear to be highly anisotropic. This is the case of thermal expansion where one of the three principal components ͑along the b axis͒ of the thermal expansion tensor is negative. 3 The elastic constants are not known and one may wonder whether NiSi is a highly elastically anisotropic material. This may bear important consequences on, on one hand, the mechanical behavior of NiSi polycrystalline thin films, and on the other hand, the stresses that arise in silicon as a consequence of silicide formation. 4 These stresses have a strong influence on the mobility of charge carriers in silicon. 5 This study is aimed at calculating the elastic constants of NiSi from first principles. The first part is devoted to the methodology of elastic constants calculation including both numerical methods and basics of elasticity. The obtained results are then described and discussed. Their consequences on the mechanics of NiSi layers are highlighted.
II. METHODOLOGY

A. Computational details
The ground states of the undeformed o-NiSi and reference systems ͑Ni-fcc and silicon diamond phases͒ have been optimized by means of the computational implementation of the density-functional theory ͑DFT͒ VASP ͑Ref. 6͒ and QUANTUM-ESPRESSO ͑Ref. 7͒ packages for comparison. We have used projected-augmented wave ͑PAW͒ pseudopotentials 8 with VASP and ultrasoft ͑US͒ pseudopotentials 9 according to a modified Rappe-RabeKaxiras-Joannopoulos scheme following the method of Ref.
10 for the ESPRESSO package ͑noted in the following PAW and US simulations, respectively͒. The Perdew-BurkeErnzerhof ͑Ref. 11͒ generalized gradient approximation of the exchange-correlation energy has been used within its spin-polarized version. The Brillouin zones have been sampled by a 15ϫ 15 ϫ 15 Monkhorst and Pack grid 12 for nickel and silicon and 8 ϫ 8 ϫ 8 for NiSi for structure optimizations. The 500 eV and 40 Ryd energy cutoff for VASP and ESPRESSO packages, respectively, have been employed. To optimize lattice parameters, the conjugate gradient method have been employed with VASP, while the equilibrated structure for ESPRESSO simulations was calculated using the first-principles implementation of a variable cell-shape damped molecular dynamics. 13 For the calculation of the electronic density of states and the formation energy, we have adopted a finest tetrahedron 30ϫ 30ϫ 30 ͑15ϫ 15ϫ 15 for NiSi͒ grid with a higher energy cutoff ͑600 eV and 50 Ryd͒.
B. Elastic constants
For small strains ͑⑀͒, Hooke's law applies and the elastic energy E can be approximated by a quadratic function of the strain components:
where C ij are the elastic constants, V o is the equilibrium volume of the unit cell, and e j is the components of the strain tensor ͑⑀͒ which can be related to the deformation tensor D by 
͑2͒
in conventional elastic theory notation ͑I represents the identity matrix͒.
Cubic crystals
For cubic crystals, there are three independent elastic constants, namely, C 11 , C 12 , and C 44 . Furthermore, the bulk modulus B 0 and tetragonal shear constant CЈ are related to C 11 and C 12 , i.e., B 0 = ͑C 11 +2C 12 ͒ / 3 ͑in the Voigt notation͒ and CЈ = ͑C 11 − C 12 ͒ / 2, respectively. C 44 is related to the trigonal shear constant. These constants may be determined by a polynomial fitting of the calculated energy E as a function of the deformation related to the strains presented in Table I .
Orthorhombic crystals
For orthorhombic crystals, there are nine independent elastic constants, namely, C 11 , C 22 , C 33 , C 44 , C 55 , C 66 , C 12 , C 13 , and C 23 . We need then nine different ͑strains͒ relations to determine these.
To evaluate elastic constants in an orthorhombic system, we have used three different techniques. The first two methods use deformations as proposed by Ravindran 14 ͑see Table  I͒ . We have applied deformations with atomic relaxations or without atomic relaxations. The 15ϫ 15ϫ 15 grids with 500 eV ͑PAW simulations͒ or 40 Ryd ͑US͒ energy cutoffs have been used for these methods.
In the third method, we have calculated vibrational properties by means of the density-functional perturbative theory ͑DFPT͒ ͑Ref. 15͒ ͓ESPRESSO ͑Ref. 7͒ simulations͔ and related acoustic slopes-sound velocities-and elastic constants. We have employed the same method as described by Every 16 to calculate the diagonal elements of the elastic matrix ͑C ii ͒. Along the ͓100͔, ͓010͔, and ͓001͔ directions, we can deduce six independent relations: v l
where v l and v t correspond, respectively, to the longitudinal and transverse acoustic sound velocities. However, for the nondiagonal terms ͑C 12 , C 13 , and C 23 ͒ the relations are more difficult to be calculated due to the nonorthonormality of the vectors of the unit cell.
C. Crystal structure
NiSi has a simple orthorhombic primitive cell belonging to the Pnma, No. 62 ͑oP8 Pearson symbol͒ space group. The orthorhombic unit cell contains four nickel and four silicon atoms ͑see Fig. 1͒ . The optimized crystallographic atomic positions are reported in Table II . Nickel atoms have six first silicon neighbors forming a strongly distorted octahedron, and silicon atoms have six first neighbors ͑nickel atoms͒ forming a distorted trigonal prism.
III. RESULTS AND DISCUSSION
A. Structural and cohesive properties
We have used silicon diamond and ferromagnetic Ni fcc phases as reference states. The lattice parameters, the magnetism, and the bulk modulus have been reported in Table  III . The ground states of these systems are found in satisfactory agreement with literature.
For the NiSi orthorhombic system, our optimized structures ͑at 0 K͒ are in good agreement with experimental lat- The formation energy has been evaluated to be around −500 meV/ atom. This value is consistent with measured or assessed values ͓Ӎ−447 meV/ atom ͑Refs. 20 and 21͔͒. One notes that US and PAW simulations give the same lattice parameters and formation energy. The magnetism of o-NiSi has been investigated too. It is found to be nonferromagnetic, in agreement with experimental findings. 2 The electronic band structure ͑eBS͒ and density of states have been also evaluated ͑Fig. 2͒. The eBS has been plotted along high-symmetry points of the first Brillouin zone represented in Fig. 3 . Our results and Boulet simulations 17 are found in excellent agreement.
It is interesting to note that despite the presence of a cluster of bands in the band structure of NiSi, only two degenerate bands cross the Fermi level in most of the symmetry directions. As a consequence, the density of states at the Fermi level is very small: 2.16 states/eV/unit cell, again in agreement with Boulet 17 calculations and with lowtemperature specific-heat measurements ͑2.98 2 ͒. The projected states on atomic orbitals have been analyzed, and the results are reported in Fig. 2 . At the Fermi level, d-states of nickel and sp-states of silicon are hybridized. This may be explained by the local environment of silicon ͑six first neighbors͒. This result is compatible with a recent study of the electronic states of NiSi.
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B. Vibrational properties
We have calculated the lattice dynamical properties by means of the DFPT ͑ESPRESSO packages 7 ͒ with which the dynamical matrices at any q point can be directly computed. We have calculated interatomic force constants ͑IFC͒ by Fourier transformation of the dynamical matrices on a 2 ϫ 4 ϫ 2 q-mesh with a 10ϫ 10ϫ 10 k-mesh and 30 Ryd cutoff energy to compute the full phonon dispersions. The vibrational density of states has been then calculated on a 30 ϫ 30ϫ 30 tetrahedron grid ͑plotted Fig. 4͒ . To verify the accuracy of our simulations, we have calculated directly frequencies at different q points ͑X, Y, and Z͒ with a large k-mesh ͑15ϫ 15ϫ 15͒ and cut-off energy ͑40 Ryd͒, without significant differences ͑less 5%͒. Results have been reported Fig. 4 ͑dots͒.
The main experimental results are Raman spectra measured by Zhao et al. 23 From a symmetry analysis, only "gerade" modes could be Raman active ͑A g and B g ͒. We have summarized our results in Table IV and compared them to experimental data. One can notice that simulations are in very good agreement with experiments. We have analyzed the vibrational projected density of states. At high frequencies ͑250-400 cm −1 ͒, the main contribution is associated to silicon atoms, while the main contribution of nickel is at low frequencies. 24 From the vibrational density of states, we have also computed the free energy and the heat capacity ͑see Fig. 5͒ :
where q, = ប q, / 2k B T. These results allow us to calculate the Debye temperature ͑see Sec. III F͒.
C. Elastic constants of the crystal
As a test, we have calculated elastic constants for the two reference states. Our results are found in agreement with experimental values. 18 For the silicon diamond phase, however, C 44 is found too large. It has been shown ͑see in particular Ref. 25͒ that internal atomic relaxations can strongly modify and improve elastic constants in some cases. Letting the crystal relax at each straining step yields a corrected value, C 44 = 76 GPa, in much better agreement with experimental data ͑79 GPa͒. It appears thus very important to take into account atomic relaxations. We have then adopted three approaches to calculate elastic constants for NiSi: in the first approach, we have fixed atomic positions, and in the second one, for each deformation ␦ applied to the system, atomic positions have been relaxed ͑label "relaxed" in the following, only computed with the VASP package͒. In the third we deduce C ij from slopes of the phonon dispersion curves around ⌫. The results of our simulations have been summarized in Table V . In this table we have given the result of the fit of the last three deformations ͑D 7 , D 8 , and D 9 ͒, which correspond to a combination of different elastic constants. These combinations are related to criteria of mechanical stability. In the o-NiSi case, all are found positive.
In the first simulations, where atomic positions are not relaxed, one can notice that VASP and ESPRESSO packages produce identical values of elastic constants. The bulk modulus has been evaluated either directly from the Murnaghan equations 26 or from elastic constants calculated previously:
The same value is found: 168 GPa to be compared with 175 GPa. These results are good tests of the accuracy of our simulations. In the following, we focus our analysis only on PAW simulations. In a second step the influence of atomic relaxations on elastic constants has been evaluated. It is clear that, as for silicon diamond phase, elastic constants are strongly modified. The influence of relaxation ranges from +18% to −18%. In general, we note a decrease in the elastic constants except for two elastic constants C 12 and C 23 . These results are confirmed by elastic constants determined from phonon dispersion curves. In these calculations, atoms are not clamped. These results could be fruitfully compared with the relaxed simulations.
D. Elastic properties for polycrystalline aggregates
In the particular case of randomly oriented polycrystals, one may evaluate aggregate average elastic properties based on additional hypotheses such as isostress named as Reuss or isostrain named as Voigt states ͑subscripted, respectively, V and R in the following͒. For orthorhombic crystals, the shear modulus ͑G͒ and the bulk modulus ͑B͒ are given for each approximation by Eq. ͑4͒ and by where S is the compliance matrix and C is the elastic constant matrix related by S = C −1 . The calculated values are given in Table VII . Reuss and Voigt approximations produce equivalent results when atomic positions are not relaxed. On the contrary for relaxed simulations, we can see that shear modulus is smaller in Reuss approximation than in Voigt approximation.
The average of the Voigt and the Reuss bounds are considered to be the best theoretical polycrystalline elastic modulus ͑Hill's approximation͒. They are given by
and
Using energy considerations, Hill showed that the Voigt and Reuss equations represent upper and lower limits of realistic polycrystalline constants and has recommended that a practical estimate of the bulk and shear moduli should be the arithmetic means of the extremes. The isotropic bulk and shear moduli for the NiSi polycrystals have been reported in Table V .
To complete the physical elastic properties we have computed the polycrystalline elastic modulus ͑E͒ and the Poisson's ratio ͑͒ from the Hill's values using the relationships,
Using these relations the calculated bulk modulus B, shear modulus G, Young's modulus E, and Poisson's ratio are summarized in Table VI . Elastic moduli with relaxations are smaller than without relaxations. In general the large value of shear moduli is an indication of the more pronounced directional bonding between atoms. The calculated shear moduli from relaxed and nonrelaxed single-crystal elastic constants are larger than that of most of the intermetallic compounds. Poisson's ratio measures the stability of a crystal against shear. Its small value indicates that o-NiSi is relatively stable against shear. Pugh 27 proposed the ratio of bulk to shear modulus of polycrystalline phases, B / G as an indication of ductile vs brittle characters. Indeed one may argue that the shear modulus G represents the resistance to plastic deformation, while the bulk modulus B represents the resistance to fracture. A high B / G value indicates a thus tendency for ductility, while a low value indicates a tendency for brittleness. The critical value which separates ductile and brittle materials has been evaluated to be equal to 1.75. It is interesting to notice that in nonrelaxed simulations B / G Ӎ 1.75, the critical value, while it is found greater ͑2.42͒ with relaxation. This result suggests that o-NiSi is more prone to ductility.
A comparison of average elastic properties of NiSi ͑G H = 79 GPa, B H = 170 GPa, E = 205 GPa, and = 0.30͒ with those of isostructural PtSi ͑G H = 80 GPa, B H = 198 GPa, E = 211 GPa, and = 0.32͒ shows that these two compounds share very similar average elastic properties. As shown in the next paragraph, this similarity is lost when it comes to the anisotropy in elastic moduli.
E. Quantification of the anisotropy in elastic constants
To quantify the anisotropy of elastic properties in o-NiSi, we have employed different criteria.
Essentially all known crystals are elastically anisotropic, and a proper description of such an anisotropic behavior has, therefore, an important implication in engineering science as well as in crystal physics. The shear anisotropic factors provide a measure of the degree of anisotropy in the bonding between atoms in different planes. The shear anisotropic factor for the ͕100͖͕͑010͖,͕001͖͒ shear planes between the ͗011͘ and ͗010͘ ͑͗101͘, ͗001͘, and ͗110͘, ͗010͘, respectively͒ directions are A 1 = 4C 44 C 11 + C 33 − 2C 13 , ͑12͒
A 2 = 4C 55 C 22 + C 33 − 2C 23 , ͑13͒
A 3 = 4C 66 C 11 + C 22 − 2C 12 . ͑14͒ The shear anisotropic factors are summarized in Table  VII . In the case of isotropic crystals, the factors A 1 , A 2 , and A 3 must be one, while any value smaller or greater than unity is a measure of the degree of elastic anisotropy possessed by the crystal. It is interesting to note that relaxed simulations shear anisotropic factors show a higher degree of anisotropy than nonrelaxed simulations.
Chung and Buessem 28 introduced another concept of percent elastic anisotropy for noncubic systems which is a measure of elastic anisotropy possessed by the crystal under consideration. The percentage anisotropy in compressibility and shear moduli are defined, respectively, by
A value of zero ͑B R = B V ͒ is associated to isotropic elastic constants, while a value of 100% is associated to the largest possible anisotropy. With those values of anisotropy, relaxed simulations indicate that o-NiSi is anisotropic ͑Ӎ18%͒.
We have calculated the Young modulus along different directions in Table VIII . PtSi values from 25 are also reported for comparison. PtSi is isostructural with NiSi. The ratio between the Young moduli along ͓111͔ and along ͓010͔ is 3.7 for NiSi, while it is 1.5 in PtSi. The same ratio in cubic copper, which is known to be a highly elastically anisotropic material, yields 2.9. Figure 6 is a three-dimensional ͑3D͒ representation of the anisotropy in Young's moduli for NiSi and PtSi.
The large elastic anisotropy of NiSi that we evidence here has important consequences for the mechanical properties of NiSi thin films. Indeed it is known that such films are strongly textured. 29 Moreover the anisotropy in elastic constants together with the anisotropy in thermal expansion coefficients may yield huge grain-to-grain stress variations in polycrystal films. Ravindran 14 defined and calculated the linear bulk modulus along the three directions a , b , c in orthorhombic TiSi 2 system. In the same way we report them for NiSi in Table  VI . If in nonrelaxed simulations no significant differences between the bulk moduli along the three directions a , b , c can be observed, with relaxed results the bulk modulus along b direction is much higher than in other directions.
From this directional bulk modulus, Ravindran 14 also defined for orthorhombic system two new quantities, A B a and A B c , defined as the ratio between B a ͑B c ͒ and B b . A value of 1 indicates, for those quantities, elastic isotropy and any departure from one corresponds to a degree of elastic anisotropy. It is interesting again to notice that relaxed simulations indicate a much larger anisotropy.
We show that relaxed simulations indicate a pronounced elastic anisotropic system for o-NiSi, in particular along the b axis.
In conclusion, our calculations show that, at variance with isostructural PtSi, NiSi is a highly elastically anisotropic material. The ratio between the Young's moduli along ͓111͔ and ͓010͔ is 3.7, while the ratio between the bulk moduli along ͓001͔ and ͓010͔ is 0.37. It is interesting to note that the same trend is experimentally known to occur for thermal expansion 19 with PtSi being much less anisotropic than NiSi.
The elastic constants we have calculated here allow for the calculation of stress and strain in a NiSi crystal under any kind of loading using linear elasticity. NiSi films are, however, polycrystalline. It is thus necessary to include a grain interaction model in order to rationalize experimental variations in interplanar spacings 23 measured by x-ray diffraction as a function of temperature. The fact that elastic constants were unknown has inhibited such studies so far. .
͑17͒
Results have been summarized in Table IX . The relaxed Debye temperature is 528 K. In order to obtain an other estimate of the Debye temperature from vibrational properties, we have fitted the specific heat presented above with the Debye model. This fitting results in predicted values of around 480 K. Those results are in reasonable agreement with low-temperature specific-heat measurements 2 which yields a Debye temperature of 497 K.
IV. CONCLUSION
We have presented first-principle calculations of the o-NiSi ground state. The structural, electronic, vibrational, and elastic properties have been calculated by means of the DFT. The optimized lattice parameters reproduce perfectly experimental data. NiSi is found to not reveal a ferromagnetic behavior and to have a small density of states at the Fermi level. The vibrational properties and in particular the heat capacity are presented. From these results and from direct calculations, we have evaluated single-crystal elastic constants. NiSi is shown to exhibit a strong elastic anisotropy; this bears important consequences for the mechanical properties of textured NiSi thin films. 
